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a  b  s  t  r  a  c  t
The  peak  capacity  gain (Gn)  of  a GC  ×  GC  system  is the  ratio  of the  system  peak  capacity  to that  of  an
optimized  one-dimensional  GC  analysis  lasting  the same  time  and  providing  the  same  detection  limit.
A near-theoretical  maximum  in  Gn has  been  experimentally  demonstrated  in  GC × GC-TOF  based  on
a  60  m  × 0.25  mm  primary  column.  It was  found  that  Gn was close  to  9  compared  to  the  theoretical
maximum  of  about  11  for  this  system.  A six-sigma  peak  capacity  of 4500  was  obtained  during  an  80  min
heating  ramp  from  50 ◦C to  320 ◦C.  Using  peak  deconvolution,  2242  individual  peaks  were  determined  in
a  Las Vegas  runoff  water  sample.  This  is  the ﬁrst deﬁnitive  experimental  demonstration  known  to us  of
an  order-of-magnitude  Gn.  The  key  factors  enabling  this  gain  were:  relatively  sharp  (about  20  ms  at  halfritical width of reinjection pulses
ptimization of GC × GC
height)  reinjection  pulses  into  the secondary  column,  relatively  long  (60  m)  primary  column,  the  same
diameters  in  primary  and  secondary  columns,  relatively  low  retention  factor  at  the end  of  the  secondary
analysis  (k∼=5 instead  of 15, optimal  for ideal conditions),  optimum  ﬂow  rate  in  both  columns,  and  helium
(rather  than hydrogen)  used  as  the  carrier gas. The  latter,  while  making  the  analysis  65% longer  than  if
using  H2, was  a better  match  to  the  reinjection  bandwidth  and  cycle  time.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).. Introduction
The invention of comprehensive two-dimensional (2D) gas
hromatography (GC × GC) [1,2] was probably the most promis-
ng one in GC since the invention of capillary columns more than
alf a century ago [3,4]. The primary motivation for the inven-
ion and initial development of GC × GC techniques was a need
o signiﬁcantly increase the peak capacity in the same timeframe
s available in one-dimensional (1D) separations. Thus, speaking
bout a multidimensional separation in general, Giddings stated
hat it “. . . provides a means for greatly enhancing the peak
apacity and thus the resolution of the components of complex
ixtures” [5]. Speaking about the analysis of complex samples, the
 Presented at 38th International Symposium on Capillary Chromatography and
1th GC × GC Symposium, 18–23 May  2014, Riva del Garda, Italy.
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M.S. Klee).
ttp://dx.doi.org/10.1016/j.chroma.2015.01.031
021-9673/© 2015 The Authors. Published by Elsevier B.V. This is an open access article uninventors of contemporary LC × LC (Bushey and Jorgenson) stated
that “Complex samples require analytical methods of extremely
high resolving power in order to provide reliable analysis of the
sample components.” [6]. The inventors of GC × GC (Phillips and
Liu) stated in their patent that GC × GC can have “substantially
increased peak capacity per unit time as compared with a sin-
gle column gas chromatograph” [2]. Once functioning GC × GC
systems were constructed, other advantages of the technique
became apparent. Among them were enhanced control of selectiv-
ity, sample structure visualization, homolog grouping (group type
separations), and sample ﬁnger-printing. Several recent reviews
have described these advantages [7–9]. However, the expectation
[1,2,5,6,10–15] and the theoretically proven possibility [3,4,16]
of a large peak capacity increase was  almost invariably con-
sidered as the most prominent potential advantage of GC × GC.
The peak capacity increase raises the number of components
that the system can resolve (quantiﬁably and identiﬁably sepa-
rate), and makes it easier to resolve speciﬁc pairs of components.
Evaluation of the recent progress in obtaining the theoretically
possible peak capacity of GC × GC is the topic of this report. To a
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ertain degree, this evaluation can be viewed as a progress report
n comparison to the earlier evaluated status of the technique
3].
The largest Gn that can be obtained from the addition of a sec-
ndary column to an optimized primary column in GC × GC–MS
an be estimated as [4] Gn ≈ 0.15 · 1N1/3 where 1N = 1L/1dc is an
stimate of the primary column maximum plate number (1dc and
L are the primary column internal diameter and length, 6 peak
eparation along the ﬁrst GC × GC dimension is assumed, see also
q. (21) below, earlier estimates were [3,16] Gn ≈ 0.1 · 1N1/3). For a
0 m × 0.25 mm primary column, e.g., Gn ≈ 7.4.
To put the potential peak capacity gain of GC × GC in perspec-
ive relative to 1D GC, consider the following. Peak capacity of an
pen tubular capillary column is proportional to
√
L/dc where dc
nd L are the column internal diameter (i.d.) and length. A range
f typical low and high efﬁciency columns in lab GCs might span
rom a 15 m × 0.32 mm to a 40 m × 0.1 mm capillary column. The
elative difference in peak capacities between these two columns
s approximately 3. Compare this entire range of 1D peak capac-
ties with the fact that GC × GC has the potential to achieve a
0-fold or larger peak capacity gain in the same time frame [3,4,16].
or comparison, what would it take in terms of analysis time
nd resources to obtain a 10-fold peak capacity gain by simply
ncreasing the length of a 40 m × 0.1 mm column in 1D GC anal-
sis? It would require a 100-times longer column (4 km instead
f 40 m),  10-times higher inlet pressure (about 100 atm instead of
bout 10 atm for helium), and the analysis time would be 1000
imes longer (1.5 months instead of 1 h or so for helium). Even
n incremental 2-fold peak capacity increase would be beyond
urrently available 1D resources (requiring a 160 m long column,
0 atm inlet pressure, and unacceptable 8-h or longer analysis for
elium).
The peak capacity of a 1D separation can also be increased by
educing the column diameter. However, this also comes with sig-
iﬁcant difﬁculties. Thus, doubling the peak capacity of GC–MS
ithout changing the analysis time requires 8-fold narrower
olumns (12.5 m i.d. instead of 100 m i.d.) which leads to a 100-
old larger (worse) [4,17] minimum detectable concentration (MDC)
3,4,16,17] (minimum analyte concentration [18]), a 16-fold higher
ressure [4,17], etc.
These considerations highlight the signiﬁcance of a 10-fold or
arger peak capacity increase potentially available from GC × GC
ithout the time increase and worsening MDC. The considerations
lso highlight the importance of the assumption of the same anal-
sis time and MDC  [3,4,16], in evaluating the peak capacity gain
n GC × GC over that in 1D GC. In this report, we  compare only
C × GC–MS with GC–MS. The MDC  of the former is essentially
hat of the column with the smaller i.d. [3,4,16,17]. In view of that,
he use of the same i.d. in both dimensions of GC × GC–MS offers a
olution that provides the most efﬁcient secondary column without
educing the system MDC  compared to that of the primary column.
We are not aware of a deﬁnitive experimental demonstration
f the peak capacity gain in GC × GC approaching its theoreti-
al limit. The main difﬁculty in previous attempts to attain the
heoretical potential was insufﬁciently sharp reinjection into the
econdary column [3,4]. This deﬁciency has been further exag-
erated by the use of relatively short (typically 30 m × 0.25 mm)
rimary columns that generate relatively narrow primary peaks
hich, in turn, require relatively short secondary columns in turn
equiring even sharper reinjection for their proper operation. This
icious cycle was addressed by essentially hiding the problem.
oo-wide reinjection pulses into the secondary column substan-
ially reduce its peak capacity (2n). To recover 2n to a reasonable
evel, narrower and longer than necessary secondary columns were
sed. In the presence of too wide reinjection pulses, this did not
esult in full potential enhancement of the second-dimension peak A 1383 (2015) 151–159
capacity (brieﬂy, secondary peak capacity). On the other hand, this
required longer-than-necessary secondary analysis times which
were accommodated by sub-optimal heating rates that substan-
tially widened the primary peaks and increased the analysis time.
In addition to that, the use of narrower secondary columns sub-
stantially reduces their load ability and the load ability of the entire
system. Under these conditions, a necessary secondary peak capac-
ity was  obtained at the cost of a substantially reduced peak capacity
in the ﬁrst dimension compared to that available from a 1D sepa-
ration with equal time and with equal MDC  [3,4,16].
Here we demonstrate for the ﬁrst time an order-of-magnitude
peak capacity gain in an earlier reported optimized GC × GC-TOF
analysis [19] based on earlier recommended [3,4,16] substantially
sharper reinjection into the secondary column, longer than con-
ventional primary column, using the same column diameter in
both dimensions, avoiding hydrogen as the carrier gas, and other
features.
2. Experimental
For all GC × GC experiments, a LECO Pegasus 4D GC × GC-TOF
system was  used, comprising an Agilent 7890 GC, a LECO dual
stage thermal modulator with liquid nitrogen coolant, and a Pega-
sus TOFMS. LECO ChromaTOF® software was  used for instrument
control and data analysis.
2.1. Thermal modulation conditions
Liquid nitrogen coolant, ∼=6  LPM nitrogen gas per each cold jet,
∼=20 LPM air per each hot jet, hot pulse of 0.85 s (corresponding cold
jet is off when hot jet is on), 2.5 s sampling (modulation) period,
modulator (hot jet) +15 ◦C relative to secondary oven temperature.
2.2. Columns:
Generally following the recommendations in ref. [3,4], a
60 m × 0.25 mm × 0.25 mm (Rxi-5Sil MS)  column was used as a pri-
mary column, a 1.3 m × 0.25 mm × 0.25 mm (Rtx-200) was  used as
the secondary column (0.2 m in the transfer line to the TOFMS, 1.1 m
in the secondary oven, and 0.1 m in the modulator). Columns were
connected using a press-ﬁt connector before the modulator, with
modulation occurring on the secondary column.
2.3. Carrier gas:
He at constant speed-optimized ﬂow rate (SOF) [3,4,17,20,21]
of 2.0 mL/min.
2.4. Temperature:
The primary oven temperature program was 50 ◦C (1.5 min
hold), 3.5 ◦C/min to 320 ◦C (1.36 min  hold) for a total run time of
80 min. The secondary column was  housed in a secondary column
oven and was run at a +5 ◦C offset from the primary column.
2.5. TOFMS:
Electron ionization at 70 eV, acquisition range of m/z  50–660,
200 spectra/s acquisition rate, ion source 250 ◦C, transfer line
320 ◦C.
2.6. Sample:A 4 L water sample was collected from the Las Vegas Wash,
an “urban river” fed from reclaimed water, shallow groundwater,
urban runoff, and storm water that eventually discharges into Lake
atogr. A 1383 (2015) 151–159 153
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Fig. 1. Peak distribution map  for the sample run under stated conditions. The sam-
ple is a complex mixture of many components spanning a wide volatility range.
Approximately 500 resolved, or partially resolved, peaks where found based on the
TIC. 2242 individual components were found after applying peak deconvolution.M.S. Klee et al. / J. Chrom
ead. The sample was  taken just upstream from Las Vegas Bay.
he sample was extracted using EPA Method 527 [22], with the
odiﬁcation that the sample was divided into four 1 L samples
nd extracted through four individual polystyrenedivinylbenzene
olid phase extraction (SPE) disks. Each extraction disk was eluted
ith 5 mL  ethyl acetate (also used to rinse sample bottle) fol-
owed by 5 mL  methylene chloride followed by 2 × 5 mL  ethyl
cetate:methylene chloride (1:1) rinses. All four SPE disk solvent
lutions were combined into one and passed through a sodium
ulfate column for drying followed by concentration to 1 mL  ﬁnal
olume using a Turbovap II (Biotage). A 1 L splitless injection was
ade into a 250 ◦C Sky 4 mm single taper inlet liner with quartz
ool (Restek). The splitless valve time was 90 s.
.7. Data reduction:
Peak information (retention times and peak widths at half
eight) and data visualization (e.g., contour plots) were accom-
lished with standard ChromaTOF data analysis software.
The second-dimension hold-up time was approximately 0.42 s.
One aspect of this work was certainly to demonstrate that
roper selection of hardware, columns and experimental condi-
ions can produce a signiﬁcant increase in peak capacity. Another
oal was to maximize the use of the two-dimensional space for
he separation of sample components through proper selection of
rimary and secondary column stationary phases and tempera-
ures. In what has become a default behavior, people commonly
hoose an apolar column as a primary column so that the elution
s primarily a function of analyte boiling point and then a very
olar secondary column like carbowax to maximize polar selec-
ivity difference. This combination of widely differing stationary
hase polarities can yield usable group-type separations of polar
nalytes, yet apolar analytes elute in the holdup time of second
imension, so no additional information on composition is gained
or them by using GC × GC. To make better use of the 2D separa-
ion space, columns of more similar polarity were chosen. It was
ound through experience that 2nd dimension columns of higher
olarity (e.g., 50% phenyl-methyl silicone, carbowax, cyanopropyl,
tc.) retain the PAHs so much that the PAHs tend to wrap around
everely, which leads to higher secondary oven offset temperature
nd a compressed second dimension separation for other com-
ounds. The Rtx200, a triﬂuoropropyl methyl stationary phase has
ood retention for many pesticides (OPPs especially) and also for
itroaromatics yet not excessive retention of PAHs. The beneﬁt of
uch an approach is illustrated by the results shown in Fig. 1.
. Theory
Unless explicitly stated otherwise, a peak standard deviation
) is the only peak width metric in this report. This makes all the-
retical results equally applicable to peaks of all (not necessarily
aussian) shapes.
.1. Peak capacity of a comprehensive 2D separation
The peak capacity (n2D) of a comprehensive 2D separation
GC × GC, LC × LC, etc.) can be found as [4,23]:
2D =
2

· 1n · 2n (1)
here 1n and 2n are the peak capacities of the ﬁrst and the second
imensions operating within the 2D system. Parameters 1n and 2n
an be substantially different from their counterparts correspond-
ng to the primary and the secondary columns operating alone.
hus, the resampling of the primary column peaks followed byNote that the region near the second dimension void time (∼=0.5 s), where there is
solvent and primary column bleed, the data was not processed and thus no peak
markers are shown.
their reconstruction in the 2D system causes unavoidable broaden-
ing of the ﬁrst-dimension peaks [4,16,24] which can be interpreted
as lower than 100% utilization (1U) of the primary peak capacity
[4,16,24]. The very presence of the secondary column can also affect
1U especially when the secondary column has a smaller diameter
than the primary one and causes a substantial ﬂow resistance com-
pared to the primary one. However, when both columns have the
same diameter (as always assumed here), the secondary column
(being much shorter than the primary one) has negligible effect
on operation of the primary one. In this case, the resampling fol-
lowed by the reconstruction becomes the only factor affecting 1U.
Quantity 1n can be express as [3,4,16,24]:
1n = 1U · 1no (2)
where 1no is the peak capacity at the outlet of the primary column
(prior to the resampling). Eq. (1) becomes:
n2D =
2

· 1U · 1no · 2n (3)
Quantity 1U can be found as [3,4,16,24]:
1U = 1√
1 + 0.252S
, S =
tS
1o
(4)
where 1o, tS and S are, respectively, the peak width at the
outlet of the primary column (before resampling), the sampling
period, and the dimensionless sampling period [4,25]. For optimal
resampling in GC × GC–MS [4,24], S,opt =
√
2. Eq. (4) yields:
1Uopt = 0.82 (5)
and Eq. (3) becomes [4]:
n2D =
2

· 1Uopt · 1no · 2n ≈ 0.52 · 1no · 2n (6)
It is worth mentioning here that, for GC × GC systems hav-
ing weak gas decompression along the secondary column (like
GC × GC-FID), 1U is lower than 50% [4,24]. All in all, the peak capac-
ity (n2D) of optimized GC × GC is approximately 50% of the product
1 2no · n.
Under non-ideal conditions existing in the majority of currently
known GC × GC implementations [3], n2D can be substantially
lower than 50% of the product 1no · 2n. The most common of such
1 atogr. A 1383 (2015) 151–159
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Fig. 2. Secondary peak capacity 2n, Eq. (8), vs. retention factor (2kend) at the end of
a  sampling period in GC × GC–MS. The variation of 2kend results from variation of
the secondary column length (2L) while keeping the sampling period (tS) ﬁxed.
The  maximum in 2n corresponds to 2kend,opt = 14.8. The maximum is rather shal-
low. Thus, 2n > 0.9 · 2nmax when 3 < 2kend < 80 (As a precaution, it can be pointed
out  that a 2kend above 15 can be substantially harmful for 2n at atmospheric outlet
applications [4] (like GC × GC-FID) and is not considered here).
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on-ideal conditions is insufﬁciently sharp sample reinjection into
he secondary column [3,4]. In this case, 2n can be expressed as
n = 2U · 2nideal (7)
here 2nideal and 2U are the secondary peak capacity with
deal (sharp) sample introduction and its non-ideal utilization,
espectively.
The rest of this study is concerned with the construction of opti-
al  GC × GC–MS.
Unless explicitly stated otherwise, only GC × GC–MS with pri-
ary and secondary columns having equal i.d. and operating at
OF (speed-optimized ﬂow rate) (FOpt) [3,4,17,20,21] are evaluated
elow. The reason for using the same i.d. in both dimensions is
xplained in the Section 1.
The key structural and operational parameters of a GC × GC–MS
ystem are the primary and secondary column diameters (dc) and
engths (1L, and 2L), the sampling (modulation) period (tS), and the
ritical width (2i,crit) of the reinjection pulses deﬁned below.
.2. Sampling period and secondary column length
If dc and 1L for a GC × GC–MS system are chosen, then the
ey system parameters can be found from expressions listed in
able 1. As follows from its deﬁnition in Table 1, the retention fac-
or (2kend) at the end of the sampling period depends on the ratio
tS/2tM . Once the sampling period (tS) is chosen, there is sig-
iﬁcant ﬂexibility in choosing tM and, therefore, 2kend by changing
he secondary-column length (2L). By reducing the secondary hold-
p time (2tM), a shorter 2L makes room for larger retention factors
2kend) at the end of the sampling period. This tends to increase 2n.
n the other hand, shorter 2L reduces the secondary column efﬁ-
iency. This tends to reduce 2n. The existence of the two  conﬂicting
ffects on 2n suggests that there might be an optimal 2kend corre-
ponding to the largest 2n at a given tS. Indeed, in the case of ideal
sharp) reinjection into the secondary column, the dependence of
nideal on 2kend at a ﬁxed tS can be described as [4] (Fig. 2):
nideal = 2nmax
ln(2 + 2kend)
1.125(1 + 2kend)1/3
(8)
The second dimension separation space for each sampling
eriod (tS) can span from 2tM in a given sampling cycle to 2tM
n the next cycle. In other words, the wrap-around up to 2tM in
he next sampling cycle can exist with no overlap of the peaks
rom different sampling cycles. With this type of wrap-around,
he secondary retention factors (2k) are conﬁned within the range ≤ 2k ≤ 2kend + 1 [4]. Full occupation of this range can be con-
rolled by the choice of the stationary phase types and thicknesses
n both columns and by the secondary-column temperature offset
elative to the primary column.
able 1
arameters of GC × GC–MS system at SOF, i.e. at F = FOpt = fOpt dc [4,17,20,26].
Conditions tS
GC × GC–MS
S · 1
1o = Xg
Optimal heating rate [17]: 1ko = 2*, optimal resampling: S =
√
2 4.25Xgas
dc = 0.25 mm, 1L = 60 m,  carrier gas: He (Xgas = 7.3 ms/m)  1.86 s
2kend = 15 (optimum) 1.86 s 
2kend = 3 1.86 s 
otes: Expressions for 2 i,crit are developed below. Optimal heating rate is 10 ◦C/1tM whe
olumn outlet retention factor, the end retention factor in the secondary column, and the 
nd  S = tS/1o where tS is the sampling period, 2tM is the secondary-column hold-
as-dependent parameters listed in Table 2.
* In other sources [3,4], 1ko at optimal heating rate was  estimated as 1ko = 1.75.3.3. Critical width of reinjection pulses
Let 2Mc be the width of unretained peak in the secondary col-
umn  with ideal (sharp) sample introduction and 2i – the width
of a reinjection pulse into the secondary column. Previously [3,4],
the inequality 2i < 2Mc was  used as a constraint on 2i to pre-
vent signiﬁcant reduction in the utilization (2U) of the secondary
peak capacity due to wide reinjection pulses. This approach has sev-
eral shortcomings. Because each second-dimension cycle period is
essentially isothermal, the peaks in each cycle get wider in pro-
portion with the secondary run time. As a result, wide reinjection
pulses broaden only the peaks in the initial portion of each sec-
ondary run, and the larger the sampling period (tS) is relative to
the secondary hold-up time (2tM), the lower is the loss in 2U due to
the wide reinjection pulses. In other words, the outcome of impos-
ing the constraint 2i < 2Mc is inconsistent. Thus, under typical
conditions of 4 ≤ tS/2tM ≤ 16 [4], the loss in 2U at 2i = 2Mc can
change from 6.6% to 11% [4]. The relatively minor reduction in 2U at
2i = 2Mc suggests that the constraint might not be worth impos-
ing in practice especially in view of the technical difﬁculties in
achieving a sharp reinjection. These considerations were taken into
account in constructing the critical width (2i,crit) of the reinjection
pulse in the constraint2i <
2i,crit (9)
2L 2 i,crit
o where
as · 1L
(
1ko + 1
) (√dc ·1L S (1ko+1)
2kend+1
)2/3
Eqs. (13) and (14)
· 1L 2.62
3√dc ·1L2/3
(2kend+1)
2/3 3.62Xgas
3
√
dc ·1L2
2kend+1
2.53 m
(2kend+1)
2/3
25.5 ms
3
√
2kend+1
0.4 m 10 ms
1 m 16 ms
re 1tM is the primary hold-up time. Parameters 1ko , 2kend , and S are the primary
dimensionless sampling period. The latter two  are deﬁned as 2kend = (tS/2tM) − 1
up time, and 1o is the primary-column peak width. Quantities fOpt and Xgas are the
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Table 2
Gas parameters at 150 ◦C [4,17,27].
Hydrogen Heliumhe  secondary peak capacity. Dashed lines are based on the 2kend-dependent exact
elationship between 2U and 2i in a secondary column of the same length (2L). Solid
ine is approximation in Eq. (12).
The choice of the value of 2i,crit relates to limiting the loss in 2U
t 2i = 2i,crit to 30%. Speciﬁcally, we deﬁne the critical utilization
2Ucrit) of the secondary peak capacity as:
Ucrit =
1√
2
≈ 0.7 (10)
The process of solving this equation for 2i,crit is described in
he Appendix. The exact analytical solution of Eq. (10) is relatively
omplex. A simpler approximation accurate within a few percent
an be expressed as (Appendix):
i,crit = 1.38Xgas · 2L · 3
√
2kend + 1 (11)
It shows that, as expected, 2i,crit increases with an increase in
kend and 2L. Both can be chosen arbitrarily when the sampling
eriod (tS) is not ﬁxed by the hardware. Eq. (11) suggests, there-
ore, that, in order to reduce the harmful effect of insufﬁciently
harp reinjections, one should choose the longest possible sampling
eriod by choosing the longest possible primary column. An exact
ependence of 2U on the ratio 2i/2i,crit is relatively complex. Its
pproximation can be expressed as (Fig. 3):
U = 1√
1 + (2i/2i,crit)1.75
(12)
An important design question is how to allocate the values of
kend and 2L when tS is ﬁxed as it is in the case when a particu-
ar primary column and its operational conditions are chosen. The
ependence of tS on the primary column parameters at speed-
ptimized ﬂow rate is described in Table 1. Using an expression for
L in Table 1, one can rearrange Eq. (11) as a function,
i,crit = 1.38Xgas 3
√
dc(1L · S(1ko + 1))2
2kend + 1
(13)
f 1L and other parameters. Due to the relationship between 1L and
tS in Table 1, this can be further rearranged as a function,
i,crit = 1.38 3
√
Xgasdct2S
2kend + 1
(14)
f tS. At the speed-optimized ﬂow (SOF) assumed throughout this
eport, the plate number (N) of a L-long column having internal
iameter dc can be estimated as [3,4] N = L/ dc . In view of that, Eq.
13) can be expressed asi,crit = 1.38Xgasdc 3
√
(1NS(1ko + 1))2
2kend + 1
(15)fOpt (mL/min/mm) 10 8
Xgas (ms/m) 4.4 7.3
Only the earlier mentioned assumptions of GC × GC–MS, the
same i.d. in both columns, and speed-optimized ﬂow rate (SOF)
are required for Eqs. (13)–(15). Everything else (column diameters,
primary column length, carrier gas type, heating rate, sampling
period, stationary phase types and thickness, secondary-column
temperature offset, etc.) can be arbitrary.
Eq. (14) and the data for speciﬁc values of 2kend in Table 1 show
that, when tS is ﬁxed, reducing 2kend by making the secondary
column longer increases 2i,crit thus making the secondary column
more tolerant to insufﬁciently sharp reinjections. It might appear at
a ﬁrst glance that these observations contradict Eq. (8) and Fig. 2. A
closer look shows that the contradictions do not exist. Indeed, Fig. 2
shows that, when tS is ﬁxed, the secondary peak capacity (2n) is
the highest at relatively large 2kend of about 15. This, however, is
only true for sharp reinjections. When this is not the case, making
the secondary column longer at the expense of lower 2kend leads
to a better secondary-column performance, and to better perfor-
mance of GC × GC–MS system as a whole. Consider the examples
for an optimized 60 m primary column in Table 1. When the width
of reinjection pulses becomes close to, or larger than, 10 ms  (say,
2i becomes larger than 8.5 ms,  i.e. 20 ms  at half height for Gauss-
ian peaks), it becomes better to choose a 1 m secondary column
with 2kend = 3 rather than a 0.4 m one with 2kend = 15 which would
perform better only if the reinjections were sharp.
The tolerance to insufﬁciently sharp reinjection is also affected
by the carrier gas type.
Let’s ﬁrst remove from considerations a secondary factor. Differ-
ent gases require different pressure at optimal ﬂow rate. Generally,
this might affect Giddings compressibility factor [27,28] (jG) and
can change the maximum column efﬁciency (Emax) and peak capac-
ity (nc,max) in inverse proportion with
√
jG which is conﬁned within
the range 1 ≤
√
jG < 1.061. Other than that, the carrier gas type
has no effect on Emax and nc,max [27,29]. Furthermore, in the case of
GC–MS, jG is always the largest and, therefore, the carrier gas has
no effect on Emax and nc,max.
What the carrier gas does affect is the speed of analysis. Thus,
the analysis with helium is longer than that with hydrogen by
about 65% when the gas decompression is strong (GC–MS, long
narrow-bore columns), and by about 40% when the decompression
is weak (short wide-bore columns with atmospheric outlet pres-
sure not considered in this report) [17,27]. Longer analysis time at
the same peak capacity implies proportionally wider peaks in gen-
eral, and proportionally wider critical reinjection pulses in GC × GC;
65% wider in GC × GC–MS of this report. This implies that, to cause
equal relative decrease in the secondary peak capacity, the rein-
jection pulses in the system with helium should be 65% wider than
they are in the system with hydrogen. The same conclusion follows
from Eq. (13) and Table 2.
According to Eq. (15), 2i,crit for a primary column with a given
efﬁciency is proportional to Xgas and dc. This leads to the following
summary of the effects of the independently controlled factors on
2i,crit in GC × GC–MS with equally efﬁcient primary columns.
• The tolerance to wide reinjection pulses is proportional to the
column i.d. Thus, to cause equal relative decrease in the sec-
ondary peak capacity, the reinjection pulses in the system based
on 0.25 mm columns could be 2.5 times wider than they would
be for a system based on a pair of 0.1 mm  columns.
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A system with helium as a carrier gas is more tolerant to
wide reinjection pulses than the system with hydrogen. Thus,
according to Table 2, to cause equal relative decrease in the sec-
ondary peak capacity, the reinjection pulses in the system with
helium could be 65% wider than they are in the system with
hydrogen.
Eq. (15) also shows that 2i,crit increases when tS and 1ko
ncrease. However, this way of raising 2i,crit comes at the expense
f reducing the ﬁrst-dimension performance. Thus, if tS and 1ko
ecome larger than their optimal values listed in Table 1 then their
urther increase harms the ﬁrst dimension more than it improves
he second dimension. Finally, 2i,crit can be increased by lowering
kend, at constant tS, as discussed earlier. It can be added that,
ccording to Eq. (15), making 2kend much lower than 3 down to
kend = 0 can further increase 2i,crit thus improving the tolerance
o wide reinjections. However, this would reduce the overall 2n
Fig. 2). As a result, 2n can slightly increase when the reinjection
ulses are wide, but it can get lower when the pulses are sharp. For
hese reasons, making 2kend much lower than 3 should be avoided.
.4. Peak capacity gain
An important metric of a comprehensive 2D separation
GC × GC, LC × LC, etc.) is its peak capacity gain (Gn) generally
eﬁned as the ratio of the peak capacity of the 2D separation to that
f optimized 1D separation lasting for the same time and provid-
ng the same minimum detectable concentration (MDC). [3,4,16,17]
see also the comments in the Section 1). When both columns of
C × GC have the same i.d., the secondary column (being much
horter than the primary one) has negligible effect on operation of
he primary one. As a result, the optimal conditions for the primary
olumn in GC × GC and in 1D conﬁgurations are the same, and, in
he case of GC × GC–MS, its MDC  is the same as the MDC of the pri-
ary column standing alone [3,4,16,17]. Under these conditions,
n can be found as [3,4,16]:
n = n2D1no
(16)
here 1no is the peak capacity at the outlet of the primary column,
.e. the primary column peak capacity prior to resampling. It follows
rom Eq. (3) that
n = 2 ·
1U · 2n (17)
For optimal 1U in Eq. (5), the last expression yields:
n = 0.52 · 2n (18)
ndicating that, at optimal resampling, the peak capacity gain (Gn)
s about 50% of the peak capacity (2n) of the second dimension.
Quantity 2n can be found from the following considerations. As
re the previous studies of the peak capacity gain, this study is
ased on a six-sigma peak capacity [3] of a one-dimensional analysis
eﬁned as the number of 6-wide segments in the separation space
f the analysis [3,4]. This peak capacity better represents the num-
er of resolvable peaks compared to more traditional four-sigma
eak capacity. From now on, unless explicitly stated otherwise, the
erm peak capacity is treated as a synonym of the term six-sigma
eak capacity.
The peak capacity (2nideal) of a second-dimension analysis
ith ideal (sharp) reinjections can be expressed as [4] (see also
ppendix):
nideal =
1
6
√
2L
dc
ln(2 + 2kend) (19)curves represents the ratio of the values of Gn at the same 2i . The substantial
increase in the ratio with the increase in 2i reﬂects the lower tolerance of the
shorter column to wide reinjection pulses.
Eq. (19) accounts for the earlier mentioned assumption that
the second-dimension separation space of each sampling period
spans from the hold-up time (2tM) in a given sampling cycle to 2tM
in the next cycle. Substitution of Eq. (19) into Eq. (7) yields the
net secondary peak capacity (2n) affected by insufﬁciently-sharp
reinjections:
2n =
2U
6
√
2L
dc
ln(2 + 2kend) (20)
where 2U is described in Eq. (12). As follows from Eq. (18), the peak
capacity gain (Gn) is about half of 2n. Both 2L and 2U in the last
expression depend on the primary column length (1L) as illustrated
in Fig. 4.
For optimal 1ko, 2kend and S and sharp reinjection, Gn can be
estimated as [3,4,16]:
Gn ≈ 0.15
(
1L
dc
)1/3
(21)
This result can be also obtained from the expressions in Table 1.
Eq. (21) shows that the larger the primary column efﬁciency, the
larger the peak capacity gain due to addition of an optimized sec-
ondary column.
Increasing 1L increases the peak capacity (n2D) of GC × GC in
several ways. It increases the primary column peak capacity in
proportion to
√
1L/dc and the peak capacity gain in proportion to
3 1L/dc . On top of that, it might substantially increase n2D by mak-
ing the second dimension more tolerant to wide reinjection pulses.
For optimal conditions and sharp reinjections, n2D is proportional
to (5/6) power of 1L/dc [4,16], i.e.
n2D ∝
(
1L
dc
)5/6
(22)
indicating that, in GC × GC–MS, n2D more rapidly increases with the
increase in the primary column length than n does in 1D GC–MS.
Thus n2D is almost proportional to 1L / dc while n in 1D GC–MS is
proportional to
√
1L/dc .4. Results and discussion
The GC × GC-TOFMS analysis [19] evaluated in this report was
intended to verify the earlier developed general guidelines for
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C × GC–MS design [3,4,16]. The mathematical expressions under-
ying the guidelines and the evaluations of the results are provided
n the theoretical section.
The key improvement in the evaluated implementation [19]
ame from substantially narrower reinjection pulses (i ≈ 8.5 ms
s shown below, compared to i ≈ 50 ms  available a decade ago
3,10]). This achievement is still not sufﬁcient for all reasonable
C × GC conﬁgurations (Fig. 4). However, together with the guide-
ines listed below [3,4,16], the 8.5 ms  wide reinjections made it
ossible to construct a conﬁguration and operational conditions
19] that led to a peak capacity gain that was close to the theoret-
cally possible maximum for the evaluated conﬁguration. It can be
dded that, in the presence of substantially wider than acceptable
einjections, the secondary peak capacity is typically obtained at
he expense of substantially degrading the performance of the pri-
ary column [3], and, therefore, producing either a minor or no net
eak capacity gain.
The following key recommendations [3,4,16] adopted in the
valuated GC × GC-TOFMS implementation [19] were shown effec-
ive in minimizing the potential harm of insufﬁciently sharp
einjections.
. Both columns had the same i.d. [3,4,16] enabling the highest
secondary peak capacity without worsening GC × GC–MS MDC
compared to that of the primary column standing alone (see Sec-
tion 1 for additional details). On top of that, in the presence of
insufﬁciently sharp reinjections, reducing the secondary column
i.d. does not necessarily increase the peak capacity gain.
. Both columns were 0.25 mm i.d. The 0.25 mm column i.d. is likely
to be the smallest acceptable for currently available sharpness
of reinjection pulses.
. The primary column was 60 m long. To accommodate insuf-
ﬁciently sharp reinjections available in contemporary GC × GC
instruments, the conventional 30 m × 0.25 mm  columns are typ-
ically operated with sub-optimally slow heating rates requiring
several times longer than optimal analysis times. Increasing the
primary column length to 60 m made it possible to increase
the system tolerance to insufﬁciently sharp reinjections (Fig. 4)
while also raising its peak capacity without requiring longer
analysis time.
. The secondary column temperature offset was  selected to keep
2kend ≈ 5 (compared to the optimal 2kend ≈ 15, Table 1). Accord-
ing to Eqs. (13)–(15), this increased the critical width (2i,crit) of
the reinjection pulses and reduced the harmful effect of insufﬁ-
ciently sharp reinjections.
. Use of hydrogen carrier gas was avoided in favor of helium.
According to Eqs. (13)–(15) and together with Table 2, the crit-
ical widths (2i,crit) of reinjection pulses for the same primary
column with helium is 65% larger than with hydrogen making
the system with helium more tolerant to insufﬁciently sharp
reinjections than the same system with hydrogen. Admittedly,
the analysis time of a system with helium is 65% longer than
that of the same system with hydrogen [17,27]. However, in the
presence of insufﬁciently sharp reinjections, the analysis time
reduction due to hydrogen might come at unjustiﬁably large loss
in the peak capacity.
To evaluate the system performance, we measured the widths
f several peaks in both dimensions (Figs. 5 and 6).
The unretained secondary peak in Fig. 5 is one of the three
easured. Its standard deviation (2M) was 8.5 ms  (20 ms  at half
eight). The other two had 2M = 9.3 ms  and 2M = 8.1 ms  (22 ms
nd 19 ms  at half height). Each measured 2M was  a result of
he combination of the width (2i) of a reinjection pulse, the
idth (2Mc) of an unretained secondary peak in the case of ideal
sharp) reinjection, and other factors. Detailed evaluation of theFig. 5. Peak #949, solvent (scans 282596 thru 282614). Its half-height width is
20  ms,  and standard deviation (2M) is 8.5 ms.
contribution of each factor requires additional time-consuming
measurements which we did not perform. Without this detailed
evaluation we  assumed that 2i dominated the measured 2M.
Based on these considerations and to stay on the conservative side,
we accepted for this study that 2i = 8.5 ms.
Fig. 6 shows a set of consecutive reinjection pulses resulted from
resampling (modulation) of a primary peak. We evaluated such sets
for four primary peaks in different parts of the chromatogram. The
width (1o) of an unmodulated peak at the outlet of the primary
column can be reconstructed from a set of its reinjection pulses as
follows [4,24]. Let ((t1,Y1), (t2,Y2), . . .)  be the sequence of the pairs
of retention times and heights of the pulses. The variance (12) of
the sequence can be found as [27]:
12 = 1
A
itot∑
i=1
(ti − tR)2 · Yi (23)
where itot is the total number of pulses, A = Y1 + Y2 +. . . is the sum
of their heights, and
tR =
1
A
4∑
i=1
ti Yi (24)
is the retention time (the ﬁrst mathematical moment) of the
sequence as a whole. The width (1o) of the unmodulated peak
at the outlet of the primary column can be reconstructed from 12
as [4,24]:
1o =
√
12 − t
2
S
12
(25)
The sequence of four pairs (t, Y) of the retention times and
heights of the pulses in Fig. 6 is: (603.335 s, 2663), (605.830 s,
11087), (608.330 s, 4507), (610.830 s, 191). This yields: 12 ≈ 2.6 s2,
and 1o ≈ 1.44 s. In the other three evaluated sets, 1o was 0.89 s,
1.58 s, and 1.51 s. The lowest 1o of 0.89 s is substantially lower than
the other three and is substantially lower than theoretical expec-
tation. We  ignored it as an outlier. The other three yielded 1.5 s for
the average value of 1o. In further discussions, we assume that604 60 6 60 8 610 1t (s)
Fig. 6. Consecutive reinjection pulses resulted from resampling (modulation) of
peak #2 (scans 627 thru 2205).
158 M.S. Klee et al. / J. Chromatogr. A 1383 (2015) 151–159
Table 3
Measured actual and calculated optimal parameters of experimental GC × GC–MS system.
Conditions RT (◦C/min) tS (s) S 2kend
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valuation of the system performance are compiled in Table 3. They
ead to the following observations.
The primary column was operated at the optimal heating rate
RT) for which theory predicts 1ko = 2 [17]. The formulae in Table 1
ield 1o = 1.3 s. This is some 13% lower than the experimental
esults. However, it is within an acceptable error for the peak width
easurements and evaluations.
At tS = 2.5 s and 2tM = 0.42 s, the expression for 2kend in Table 1
ields 2kend = 5.1 which, according to Eq. (11), yields 2i,crit =
0 ms. The measured width, 2i = 8.5 ms,  of the reinjection pulses
s about 40% of that. It follows from Eq. (12) and Fig. 3 that 2U = 90%.
The optimal sampling period for 1o = 1.5 s is [4,24] tS,opt =
2 · 1o = 2.1 s. The actual sampling period of 2.5 s was longer than
he optimal. Eq. (4) yields: 1U = 0.77 which is 6% lower than 1Uopt =
.82.
According to Eqs. (19) and (18), the secondary peak capacity (2n)
nd the peak capacity gain (Gn) in the case of sharp reinjections
hould be 21.7 and 11.3, respectively. Insufﬁciently sharp reinjec-
ions and a longer than optimal sampling period reduced Gn by 10%
nd 6%, respectively, bringing Gn down to 9.5. Other minor factors
an further reduce Gn to some degree. We  concluded that Gn is
pproximately 9 which is less than 20% below this system’s theo-
etical maximum of about 11. (Less accurate theoretical estimate
n Eq. (21) yields G ≈ 9.3).
As the peaks at the outlet of the primary column were about
.5 s wide (1o = 1.5 s), the six-sigma peak capacity (1n) of the
7 min-long heating ramp in the evaluated GC × GC-TOFMS analy-
is is about 500 and, due to the peak capacity gain of about 9, the
et system peak capacity (n2D) of the analysis was about 4500 – an
chievement impossible for a 1D separation with a similar analysis
ime and detection limit. An analysis with this peak capacity can
esolve without deconvolution up to about 0.18n2D peaks (∼=800
eaks) [30,31]. By using peak deconvolution to resolve overlapped
eaks based on differences in their mass spectra, this number could
e several times larger. In our case, the system with deconvolution
sing setpoints of a relatively high S/N of 100, three apexing masses,
nd the use of a “Classiﬁcation” to avoid the bleed area for Peak Find
ound 2242 individual components (Fig. 1).
It cannot be said that any thermal modulator can generate rein-
ection bandwidths as narrow as those achieved in this work. The
ECO modulator design is speciﬁc to LECO. Other designs may  be
ble to do so. Reinjection peak width is also a function of choices of
ryogen and modulator setpoints (hot jet temperature, ﬂow and
uration, and cold jet temperature, ﬂow and duration), analyte
olatility, column choices, etc. In order for GC × GC to achieve its
romise as a signiﬁcant improvement over 1D GC for analysis of
omplex mixtures, systems would need to be able to generate nar-
ow (<20 ms  at half-height) reinjection peaks on a routine basis in
 rugged, reproducible and straightforward manner.
The demonstration that a near-theoretical maximum in peak
apacity gain can be obtained from a commercial GC × GC-TOF sys-
em was the main goal for this study. We  did not test the system
erformance limits. It can be mentioned, however, that there are
easons to expect that the tested system can generate substantially
arrower reinjection pulses compared to our conservative estimate
f i ≈ 8.5 ms.  If that were the case, then the same peak capacity
ain can be obtained in a shorter time by using hydrogen carrier gas
nd/or narrower and shorter columns in both dimensions. To con-
rm that it would require additional measurements of the system 2.1 1.4 15
 2.5 1.7 5.1
performance limits, development of better performing analytical
methods and their evaluation.
5. Conclusions
• The peak capacity gain of a GC × GC-TOF system based on a
60 m × 0.25 m primary column and a 1.1 m × 0.25 m secondary
columns was evaluated.
• The possibility of obtaining an order-of-magnitude peak capacity
gain in commercial GC × GC-TOF system has been demonstrated.
The obtained 9-fold gain was only about 15–20% below the the-
oretically possible maximum for this conﬁguration.
• This near theoretical peak capacity gain was obtained in a shorter
time than systems based on 30 m × 0.25 mm primary columns
and 0.1 mm (i.d.) secondary columns typically used for an equiv-
alent temperature span.
• The six-sigma peak capacity (n2D) of the system as a whole was
about 4500. Using deconvolution in an analysis of ground water
extract, 2242 individual components in a Las Vegas runoff water
sample were identiﬁed and quantiﬁed with a signal-to-noise ratio
threshold of 100.
• The most important factors enabling this separation and speed
performance were:
• Sharp (20 ms  at half-height) reinjection pulses (the key factor)
• Choice of 60 m × 0.25 mm primary column
• Use of the same i.d. for both columns
• Use of helium carrier gas
• Optimization of the system operational parameters, including
carrier gas ﬂow and oven temperature heating rate.
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Appendix A.
The secondary peak capacity (2n) can be found as [4,32]
2n = 1
6
tS+2tM∫
2tM
dt
22
i
+ (2Mc · t/2tM)2
(26)
The integration limits reﬂect the fact that the separation space
of the second-dimension for each sampling period spans from 2tM
in a given sampling cycle to 2tM in the next cycle. In other words,
a wrap-around up to 2tM in the next sampling cycle is treated as a
useful factor. The integration yields:
2n =
2tM
6 · 2Mc
ln
X +
√
X2 + x2
1 +
√
1 + x2
(27)
where
X = 2 + 2kend, x =
2i (28)2Mc
At speed-optimized ﬂow, 2Mc can be estimated as [4]:
2Mc = Xgas · 2L (29)
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Ideally, when 2i = 0, Eq. (27) becomes
nideal =
2tM
6 · 2Mc
ln X (30)
The utilization (2U) of the secondary column peak capacity
ecomes [4]:
U =
2n
2nideal
= 1
ln X
ln
X +
√
X2 + x2
1 +
√
1 + x2
(31)
Quantity 2U in Eq. (31) is a monotonically declining function
f x. As a result, there is no optimal value of x, and it is up to a
esigner of a GC × GC system to decide what the critical lowest-
cceptable value (2Ucrit) of 2U should be. The corresponding critical
argest acceptable value (2i,crit) of 2i can be found as a solution
f Eq. (31) for 2U = 2Ucrit . For the 2Ucrit deﬁned in Eq. (10), one has
rom Eqs. (28), (29) and (31):
1√
2
= 1
ln X
ln
X +
√
X2 + x2
crit
1 +
√
1 + x2
crit
(32)
 = 2 + 2kend, xcrit =
2i,crit
Xgas · 2L
The exact solution to this system for 2i,crit is relatively complex.
 simpler approximation accurate within several percent can be
xpressed as:
i,crit = 1.38Xgas · 2L · 3
√
2kend + 1 (33)
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